Self-assembled DNA nanostructures 1 enable nanometre-precise patterning that can be used to create programmable molecular machines 2-6 and arrays of functional materials [7] [8] [9] . DNA origami 10 is particularly versatile in this context because each DNA strand in the origami nanostructure occupies a unique position and can serve as a uniquely addressable pixel. However, the scale of such structures [11] [12] [13] [14] has been limited to about 0.05 square micrometres, hindering applications that demand a larger layout 15 and integration with more conventional patterning methods. Hierarchical multistage assembly of simple sets of tiles 16,17 can in principle overcome this limitation, but so far has not been sufficiently robust to enable successful implementation of larger structures using DNA origami tiles. Here we show that by using simple local assembly rules 18 that are modified and applied recursively throughout a hierarchical, multistage assembly process, a small and constant set of unique DNA strands can be used to create DNA origami arrays of increasing size and with arbitrary patterns. We illustrate this method, which we term 'fractal assembly' , by producing DNA origami arrays with sizes of up to 0.5 square micrometres and with up to 8,704 pixels, allowing us to render images such as the Mona Lisa and a rooster. We find that self-assembly of the tiles into arrays is unaffected by changes in surface patterns on the tiles, and that the yield of the fractal assembly process corresponds to about 0.95 m − 1 for arrays containing m tiles. When used in conjunction with a software tool that we developed that converts an arbitrary pattern into DNA sequences and experimental protocols, our assembly method is readily accessible and will facilitate the construction of sophisticated materials and devices with sizes similar to that of a bacterium using DNA nanostructures.
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We previously developed a framework for creating random tilings with both unbounded and finite DNA origami arrays 18 . The finite arrays were assembled in two stages and had four-fold rotational symmetry, which required only n 2 /4 distinct types of tile for arrays of size n × n ( Supplementary Fig. 2, top) . The small number of distinct tiles enabled us to construct 3 × 3, 4 × 4 and 5 × 5 arrays, but the rotational symmetry of these arrays does not allow arbitrary patterns. To create uniquely addressable DNA origami arrays, we needed four times as many distinct types of tile, which resulted in more substantial spurious interactions among the tiles and thus a lower yield ( Supplementary Fig. 2, middle) . More importantly, the number of distinct tiles in the uniquely addressable 4 × 4 arrays already reached our limit for designing edges that are sufficiently different from one another to guarantee the desired assembly behaviour (Supplementary Note 2). It is thus not possible to create larger arrays using the same method.
Dividing the self-assembly process into more stages could in principle reduce the spurious interactions by reducing the total number of possible reactions at any given time during self-assembly. More stages could enable assembly using fewer distinct edges by reusing the same edge interactions for tiles that are in different test tubes at the same stage. But attempting to self-assemble the same uniquely addressable 4 × 4 arrays in three stages rather than two was unsuccessful (approxi mately 0% yield; Supplementary Fig. 2, bottom) . We attribute this to spurious interactions in the third stage being too strong, as a result of having to anneal the final arrays at a relatively low temperature to ensure that the second-stage structures remained self-assembled and intact.
These findings point to three requirements for developing a multistage self-assembly strategy that works in practice. First, the design of larger DNA origami arrays should not require an increasing number of distinct edge strands, otherwise the total number of edge strands in an origami tile will limit the size of the structures that can be created. Second, the tile design should be compatible with a multistage annealing process such that each stage has an annealing temperature that is both low enough to keep the structures from a previous stage stable and high enough to melt the spurious interactions at the current stage. Third, the process of self-assembly should be as simple as possible and the rules for designing arrays of different sizes as similar as possible, so that the design principles and experimental conditions that are developed for smaller structures can readily inform the construction of larger structures.
Fractal assembly meets these challenges by being hierarchical and self-similar, such that remarkably complex structures can be produced using simple algorithms with identical rules repeated at different scales 19 . Self-similarity is essential because it enables: the creation of structures of increasing size from a small, constant number of unique strands; the implementation of a multistage annealing protocol that works in practice; and the possibility of transferring assembly principles learned when working on smaller structures to the assembly of larger structures.
We consider the assembly of individual tiles as stage 0, and the assembly of four square tiles into a 2 × 2 square array as stage 1 (Fig. 1a) . In each subsequent stage, a larger square array is always self-assembled from four smaller arrays that are the products of the previous stage. To create an n × n array, the procedure starts with n 2 test tubes of tiles as monomers. Molecules from four such test tubes are combined and self-assembly is allowed to take place at each stage, until all molecules are mixed together in one test tube after log 2 n stages (Fig. 1b) . If each tile has x uniquely addressable pixels, then the final product will have x × n 2 pixels, and each pixel will have a unique address that is determined by the identity of an initial test tube (T ij , 1 ≤ i, j ≤ n) and of the pixel on the tile in that test tube (Fig. 1c) .
We use three simple rules to guide local tile assembly 18 , which are applied recursively to all stages of the fractal assembly process. The first is the 'giving and receiving' rule, which defines the desired hybridization interactions between DNA origami tiles that are programmed with nucleotide extensions (referred to as the 'giving' edge) and truncations (the 'receiving' edge), the sequences of which depend on the M13 scaffold sequence near the four edges of the square Letter reSeArCH
tile. The rule for assigning giving and receiving edges is shown in Fig. 1d : for each of the four tiles or arrays, the two interactive edgeswhich are designed to participate in a given stage of the self-assemblyare either both giving or both receiving. The purpose of this assignment is to reduce self-aggregation, because the spurious interactions between non-complementary giving and receiving edges are stronger than those between giving or receiving edges alone 18 . The second rule is the 'rotation' rule, which requires that in each assembly of four tiles or four arrays, two tiles or arrays have one orientation while the other two are rotated 90° relative to the first pair (Fig. 1d ). This way, if the DNA origami tiles have any internal curvature, it will not be propagated to cause more substantial global curvature in larger arrays 18 . The orientations also allow the four pairs of tile-tile or arrayarray interactions to be distinct from one another.
The third rule is the 'edge code' rule. As shown in Fig. 1e , each code consists of eleven '0's and '1's, defining one edge of a tile. Each 0 corresponds to a scaffold loop and each 1 to a staple ( Supplementary Fig. 3 ). We use palindromic codes to reduce asymmetric structural fluctuation of the DNA origami tiles and to promote stability of the self-assembled structures. Stage 1 of a fractal assembly uses a code of eight 1s. For each subsequent stage, the number of tile edges participating in the desired array interactions doubles. Therefore, to resolve the challenge involved in the annealing process discussed above, we split the 1s in each edge code from the previous stage to generate two new edge codes, each of Black and light grey dots on the tiles correspond to 'on' and 'off ' pixels in the pattern, respectively. Each tile is labelled on the basis of the identity of its initial test tube: T ij , 1 ≤ i, j ≤ n. Indentations and bumps indicate the receiving and giving tile edges, which have nucleotide truncations and extensions, respectively. The north (N), east (E), south (S) and west (W) receiving edges of each tile, named on the basis of the DNA sequence identity of a non-rotated tile, are coloured blue, green, orange and yellow, respectively. Giving edges are coloured on the basis of their complementary receiving edges. d, The giving and receiving rule and the rotation rule. Each triangle points from a giving edge of a tile or array to a receiving edge of another. Each arrow points from the north edge to the south edge of a tile or array. e, The edge code rule. Each '1' in the second to fifth digits in each code corresponds to an indentation or bump on a tile edge in c. The three rows correspond to the edge codes used in stages 1-3. More details of the definitions and abstractions are provided in Supplementary Fig. 3 . Letter reSeArCH
which have half of the 1s from the previous code (Fig. 1e ). This way, the total number of edge staples participating in the desired interactions between tiles or arrays at any stage will be constant, and the locations of the edge staples will be more spread out for a later stage. As a result, the total binding energy between tiles or arrays will decrease with increased spacing between individual hybridization locations 11, 20 . The melting temperature of the structures that are self-assembled in each stage will thus decrease sequentially, which makes it possible to find an annealing temperature for each stage that is high enough to break the spurious interactions between the products from the previous stage, but low enough that these products do not fall apart.
With these design rules, we can in principle construct DNA origami arrays of any size using a constant number of unique strands: only one set of edge staples is required, and a larger array can be created using more stages and from more tiles, which have a subset of edge staples compared to the tiles in a smaller array. In addition, the desired interactions between tiles or arrays involve at least twice as many edge staples as do the competing interactions, which is important for achieving robust self-assembly that is unaffected by modest modifications on the surfaces of the tiles or by small variations in experimental conditions. We demonstrate fractal assembly using a previously developed square DNA origami tile 18 (Fig. 2a) . The 5′ or 3′ end of each interior staple can be conjugated directly to, or extended as attachment sites for, diverse molecules including proteins 21 , carbon nanotubes 7 , polymers 8 , metal nanoparticles and organic dyes 22 . Each staple, as a uniquely addressable pixel, can be either 'on' or 'off ' (with or without modification or extension), which leads to arbitrary binary patterns. More sophisticated patterns could be created by using multiple types of modification or extension. To allow for more pixels, we redesigned the interior staples near the seams, resulting in 136 pixels on each DNA origami tile. When the giving and receiving edges of two tiles interact with each other, each edge staple forms a stacking bond and a two-nucleotide hybridization (Fig. 2b) that, as shown previously 18 , provide high enough specificity for desired interactions and weak enough binding energy to allow tile re-arrangements and to avoid undesired configurations being kinetically trapped during self-assembly. Importantly, with these edge staples, the edge code used in stage 1 of the fractal assembly yielded a melting temperature of 52 °C for the 2 × 2 arrays ( Supplementary Fig. 4) , lower than the melting temperature of average origami structures as monomers 23 . We constructed DNA origami arrays of size 2 × 2, 4 × 4 and 8 × 8 (Fig. 2c) . Taking the annealing of individual origami tiles (stage 0) into consideration, the arrays were self-assembled in two to four stages, with each stage using a lower annealing temperature range and a longer annealing time than the preceding stage (Supplementary Note 1.1). Before mixing the origami tiles together, negation strands with sequences complementary to the edge staples were added to each tile, inhibiting the excess edge staples from incorporating into the scaffold loops on the edges of another tile 18 . Yields of the arrays were estimated to be 92.81% ± 1.74%, 47.91% ± 1.76% and 1.81% ± 1.27% for the 2 × 2, 4 × 4 and 8 × 8 arrays, respectively (Fig. 2d, Supplementary Figs 5, 6 ; here and elsewhere, the error was calculated as described in Fig. 2) . The significant decrease in yield with the size of the array is comparable to what is seen in chemical syntheses that involve multiple sequential steps 24 . The values that we obtained are comparable to those that would be obtained from a hypothetical assembly process in which the tiles are attached to the array one at a time and each step of tile attachment proceeds with a yield of nearly 95% (implying . = . for the 2 × 2, 4 × 4 and 8 × 8 arrays, respectively). We note that, unlike in many chemical synthesis procedures, we did not purify the intermediate products in any of the sequential stages.
To demonstrate the arbitrary patterning capability of the DNA origami arrays, we modified a selected set of interior staples with double-stranded extensions, each representing a pixel in an example pattern of Mona Lisa (Fig. 2e) . The yield of these arrays was estimated to be 94.22% ± 1.22%, 41.55% ± 1.26% and 3.22% ± 1.00% for the 2 × 2, 4 × 4 and 8 × 8 arrays, respectively (Fig. 2f, Supplementary Fig. 7 ). The fact that the yields were similar to those of the arrays without any pattern suggests that the assembly method is robust enough to be unaffected by modest modifications on the surfaces of the tiles, which will be essential when using the DNA arrays to organize other molecules into desired patterns.
Throughout the demonstration of fractal assembly, we encountered several problems regarding the design choices and experimental conditions (Supplementary Notes 6.1-6.9, Supplementary Figs 8-16 ). We were able to explore the solutions to most of these issues through simpler experiments for 4 × 4 arrays, and apply what we learned to construct more complex 8 × 8 arrays. This was only possible because we used a simple set of rules, repeated at different scales. For example, there are many options for the design of edge codes. We explored two options that each had a distinct advantage: one reduces the undesired competition that is caused by incomplete structures and the other reduces self-aggregation in the complete structures. We found that for a two-stage process higher yield assembly occurred with the latter design ( Supplementary Fig. 13) ; the same design choice was then generalized to subsequent stages.
To make our assembly approach readily accessible, we developed the online software tool FracTile Compiler 25 , which integrates all of the design steps from an arbitrary pattern to DNA sequences and experimental protocols (Fig. 3a) . The user starts by selecting a canvas size of up to 8 × 8 tiles and uploading an image. The compiler automatically converts the image to a layout of pixels on the selected canvas. The user can then edit the pixels manually and can apply an invert, threshold, shift or scale to the entire layout. The compiler then converts the layout to a set of tiles, showing each stage of the fractal assembly process. The compiler also provides the design diagrams of all of the DNA origami tiles, including the configuration of each edge staple. All layouts and diagrams can be saved for documentation and future manipulation. For any particular pattern, the compiler generates a set of DNA strands and protocols, including the strand mixtures in all test tubes for implementing the user-defined pattern. The user can then either follow the protocol to manually pipette all of the DNA strands or download a mixing scheme that can be read directly by an Echo 525 liquid handler, which performs the mixing automatically. 31 and a chess game, generated using the compiler, either converted and modified from an uploaded image directly or drawn manually using the 'modify layout' function. c, AFM images of the designed arrays, using DNA strands and protocols exported from the compiler, and an automatic liquid handler following
In Fig. 3b we show patterns on 8 × 8 DNA origami arrays that were used to test the automated design and liquid handling. These patterns, which are more complex than the Mona Lisa owing to finer features, were synthesized successfully and most of the details clearly recognizable in atomic force microscopy (AFM) images (Fig. 3c) . The only human involvement in creating these molecular patterns is the refinement of the layouts and acquisition of high-quality AFM images. Analysing these images, we estimated the correct tile incorporation rate in all complete arrays of 8 × 8 tiles for four distinct patterns, with sample sizes of 6-38 arrays for each pattern; the rate varied from 99.79% ± 0.09% to 98.96% ± 0.52%, depending on the pattern (Supplementary Figs 17-20) . The rate was calculated as
, where M i = 64 is the total number of tiles and N i is the number of correct tiles in array i. The standard error was calculated as − / ∑ p p N 1 i i , treating the tile incorporation p as a Bernoulli probability. For smaller arrays of 4 × 4 and 2 × 2 tiles, the rate increased to 99.93% ± 0.07% and 100%, with a sample size of 90 and 167 arrays, respectively.
Several developments could further improve our fractal assembly method. For example, the square DNA origami tile that we used yields arrays with a pixel coverage that is not completely continuous; this might be overcome by using other tile designs that provide fully packed staple extension locations. A better understanding of the thermodynamics and kinetics that govern the self-assembly of origami tiles 11, 26 might also enable greater control and thereby make it possible to create even larger origami arrays with even higher yield. When targeting applications, the desired origami arrays will often need to be separated from incomplete and aggregated structures. In this regard, although we have shown that spin-filter purification can remove excess strands ( Supplementary Fig. 21 ) and that origami arrays can be strengthened after their assembly ( Supplementary Fig. 22 ), it remains to be shown whether comprehensive purification methods such as glycerol-gradient centrifugation 27 can be applied successfully. Finally, a more diverse range of applications could be targeted if fractal assembly could be extended to create not only two-dimensional but also three-dimensional DNA nanostructures.
Even without such improvements, fractal assembly makes it possible to scale up the complexity of DNA nanostructures with arbitrary patterns, using a simple algorithm and a constant number of unique strands. In principle, the size of these DNA nanostructures is large enough to be integrated directly with top-down techniques that are high-throughput and low-cost, such as photolithography 28 , enabling the fabrication of more complex devices with nanometre-scale features [7] [8] [9] . These DNA nanostructures could also facilitate the study of molecular interactions in chemical and biological systems by constructing spatially organized molecular networks that are more complex than previously possible, or lead to the construction of more sophisticated structural components in DNA robots [2] [3] [4] [5] and localized DNA circuits 6, 29, 30 . Data Availability All data generated or analysed during this study are included in the paper (and its Supplementary Information). 
